A correlation between the degree of specialization for food hoarding and the volume of the hippocampal formation in passerine birds has been accepted for over a decade. The relationship was first demonstrated in family-level comparisons, and subsequently in species comparisons within two families containing a large number of hoarding species, the Corvidae and the Paridae. Recently, this approach has been criticized as invalid and excessively adaptationist. A recent test of the predicted trends with data pooled from previous studies found no evidence for such a correlation in either of these two families. This result has been interpreted as support for the critique. Here we reanalyse the original dataset and also include additional new data on several parid species. Our results show a surprising difference between continents, with North American species possessing significantly smaller hippocampi than Eurasian ones. Controlling for the continent effect makes the hoarding capacity/hippocampal formation correlation clearly significant in both families. We discuss possible reasons for the continent effect.
INTRODUCTION
Two seminal papers published in 1989 (Krebs et al. 1989; Sherry et al. 1989) established a relationship between the relative size of the hippocampal formation (hereafter HF) typical of an avian species and the degree of specialization for food hoarding shown in that species. The relationship has subsequently been supported by a number of studies (Healy & Krebs 1992 , 1996 Healy et al. 1994; Hampton et al. 1995; Basil et al. 1996) . The importance of this topic to the field is reflected in the number of times the original papers have been cited (as of 16 May 2004: Krebs et al. (1989) : 229 times; Sherry et al. (1989) : 151 times; citation figures come from ISI Web of Science web page).
Several recent papers have raised questions about the validity of these observations. Bolhuis & Macphail (2001) criticized the basic finding and, indeed, criticized the entire approach embodied in the search for correlations between brain structure and function (the field of 'neuroecology', defined as 'the study of the neural mechanisms of behaviour guided by functional and evolutionary principles'). Brodin & Lundborg (2003; hereafter B&L) assembled data relating to the HF/hoarding relationship from all published studies of birds in the families Corvidae and Paridae, and they also supplemented the dataset with some of their own measurements. They did not find a significant correlation between HF volume and hoarding specialization in either family. This result held regardless of whether HF volume was taken relative to body mass or to telencephalon volume (without the hippocampus). The result also held when all the data from both families were combined in the analysis. While B&L offered several alternative hypotheses for the lack of a significant correlation (e.g. low sample size), one possible conclusion is that the contentions of Bolhuis & Macphail (2001) are supported.
One inexplicable trend is obvious on inspection of the figures included in B&L: birds representing North American species are different from those representing Eurasian species. For example, with regard to the current dataset, all Eurasian corvids are larger than any of the North American corvids. By contrast, the body sizes of the Eurasian parids broadly overlap with those of the North American parids, but HF sizes of the Eurasian species are predominantly larger than those of the North American species. We contend that these continental differences could result in different scaling properties of HF volume. If the HF does scale with size differently in the datasets from North America and Eurasia, then ignoring these differences will falsely inflate the probability of finding no significant difference in HF volume between species that vary in the degree of hoarding specialization. We explore this issue here. We also consider two additional statistical points. For each species included in their paper, B&L used a single mean value of hippocampal size, body mass and telencephalon size. The use of species-level means has two problems. First, the analysis implicitly assumes that each mean value is measured without variance, an assumption that is obviously violated. In addition, using the mean for each species essentially discards data. Here we expand the dataset used by B&L and use a repeated-measures statistical design that allows us to include all individual data while not over-inflating the degrees of freedom.
Finally, the B&L analyses are presented without reference to the power of their tests. While their Abstract correctly states that 'a correlation between food-hoarding specialization and hippocampal volume cannot be claimed on the basis of present data in these families. . .,' a reader could misinterpret the statement by concluding that B&L provide evidence for no correlation, particularly given the publicity surrounding the critique of Bolhuis & Macphail (2002) (see Dwyer & Clayton 2002; Hampton et al. 2002) . To clarify the statement, a caveat should be added that a lack of correlation cannot be claimed either if the power of their tests was low. We provide these power estimates.
MATERIAL AND METHODS
We expanded the dataset described in B&L by collecting the raw data from authors of several of the cited publications (see table 1 ). We also include new data on relative HF sizes in a sample of Carolina chickadees Poecile carolinensis.
(a) Hippocampal measurements
Twenty adult male Carolina chickadees were captured near West Lafayette, Indiana, for study of energy regulation patterns under aviary conditions. Four birds were captured in each of the following months: January, March, May, August and November. The birds were then kept in aviaries under a L : D regime that matched natural L : D cycles for six weeks. Grit and water with vitamins were available ad libitum throughout the study. After one week of ad libitum access to food (sunflower seeds, carrot, crushed peanuts, canary food), food availability was decreased to an average of 4.8 min h À1 (in 12 min blocks of continuous access to food) for three weeks. The birds were then given two weeks of continuous access to food, interspersed with a deprivation period of 4 h and a second period of 2 h (this feeding schedule was associated with memory tests). The birds were then sacrificed, and the brains were processed as described in . Sections of 40 mm thickness were mounted onto slides and stained with cresyl violet acetate. The brain sections from each bird were coded so that the experimenters were blind to the treatment group, and the codes were not broken until the analyses had been completed. The boundaries of the HF and telencephalon of coded brain sections were digitized using a Sprintscan 35 mm scanner following the methods reported in Clayton (2001) . Using NIH Image software, the area of the HF (parahippocampus and hippocampus proper) and the remainder of the telencephalon (i.e. minus the HF and septum) were measured for each digitized section by tracing the outlines of the HF and remainder of the telencephalon directly with the pen tool. Following , the volume of the HF and the remainder of the telencephalon was then calculated for each bird using the formula for a truncated cone. As in previous studies (e.g. Krebs et al. 1989) , the estimated observer error in tracing and measuring these brain area boundaries was less than 4%.
(b) Statistical analyses
Two sets of analyses were performed. We reanalysed the B&L dataset and additionally calculated power for the non-significant results. The power analyses were conducted following techniques described in Cohen (1988) for complex ANCOVA designs. We also ran ANCOVA models on these data adding an additional term representing the continent from which the species was taken. Following B&L and all other similar studies published to date, this ANCOVA was performed only on mean values for each species. B&L performed their statistics on residuals from linear regression models of hippocampal size taken as a function of mean size (either HF volume or mass). By contrast, our results are reported for the entire ANCOVA model (see Darlington & Smulders (2001) for a discussion of the use of residuals).
The second analysis was performed on our complete dataset, including data on most individuals from the original papers and new data on Carolina chickadees. We treated the analysis as a repeated-measures problem, with each individual a repeated measure of the subject 'species'. All analyses were conducted with Proc Mixed (SAS Institute 1994), using a simple variance matrix. Where caching intensity was significant, we compared means between categories of caching specialization using t-tests with a Tukey-Kramer adjustment for multiple tests (SAS Institute 1994) . Note that this approach is a better representation of the data compared to the use of means, because the variability of measures within species is accounted for. However, the degrees of freedom of the resulting F-test reflect the number of species analysed, not the total number of individuals measured, thus avoiding the problem of pseudoreplication.
Log hippocampal volume was used as the dependent variable in all but one model. HF volume was not transformed for the complete parid dataset because a log transformation decreased the fit of the model residuals to a normal distribution. Independent variables included size, continent of origin, and degree of caching specialization (see table 1 ). Following B&L, we used two measures of size: telencephalon volume and body mass. These were log transformed whenever the dependent variable was log transformed.
We characterized species based on caching specialization with a three-point scale: 1 ¼ non-hoarders, 2 ¼ non-specialized hoarders, 3 ¼ specialized hoarders. The levels of caching specialization are the same as those in table 1 in B&L, except black-capped chickadees P. atricapilla were considered specialized hoarders because most of the individuals used in the present analysis were taken from Alaska. In the northern parts of their range black-capped chickadees cache prodigiously (A. Brodin, unpublished data; also Hampton et al. 1995) , and in the laboratory the Alaskan birds cached large amounts of seeds ).
RESULTS
We provide separate analyses for corvids and parids because we see no a priori reason for the families to show the same scaling between HF volume and body size or telencephalon volume.
(a) Corvidae B&L found no significant effect of caching specialization on HF volume among the corvids. Not surprisingly, our results support this finding (using log(mass) as a covariate: HF volume increases with body mass, F 1,8 ¼ 79:8, p < 0:0001, but there is no significant effect of cache specialization, F 2,8 ¼ 1:4, p ¼ 0:30; using log(telencephalon) as a covariate: HF volume increases with telencephalon volume, F 1,8 ¼ 25:8, p ¼ 0:0012, but there is no significant effect of cache specialization, F 2,8 ¼ 0:7, p ¼ 0:53). However, the power of this test is quite low ( f ¼ 0:8, a ¼ 0:05, n 0 ¼ 4, power ¼ 0:54). This means that even if caching intensity had a strong effect on HF volume ( f ¼ 0:8 corresponds to an r 2 ¼ 0:39-essentially 39% of variance accounted for with the independent variable), this is likely to be detected only 54% of the time. In short, there is little we can say about these data; we can conclude neither that there is an effect nor that there is no effect.
If we add 'continent' to the model, both continent and caching specialization are significantly correlated with HF volume (table 2). The pattern holds whether hippocampal (n is total sample size. If more than one source is listed, the number of samples from that study is given in parentheses. 'Days in captivity' represent mean values derived from the original sources. Some birds were kept an unknown length of time, but longer than 1 year. 'Days in captivity' for these individuals was taken as 365. See B&L for information on hoarding category.) family Relationship between hippocampus volume and hoarding behaviour J. R. Lucas and others 2425 size is taken relative to telencephalon volume (figure 1a) or relative to body mass (figure 1b). In both cases, Eurasian HF volumes are higher than North American HF volumes (table 3) . In addition, the species showing the weakest caching behaviours had the smallest HF volumes (significantly smaller than category 2 or 3), but species with an intermediate caching specialization were not significantly different than the most specialized species (table 3) . Similar results come from an analysis of the full dataset (table 2) . Multiple comparisons tests show that the weakest caching species are outliers when HF volume is corrected for body mass (table 3) . When HF is corrected for telencephalon volume, all of the comparisons (1 versus 2, 1 versus 3, 2 versus 3) are significant at a ¼ 0:05 (table 3).
(b) Paridae
As with the corvids, no significant effect of caching specialization is indicated in the original B&L dataset (using log(mass) as a covariate: mass effect, F 1,6 ¼ 0:12, p ¼ 0:74, cache specialization effect, F 2,6 ¼ 1:48, p ¼ 0:30; using log(telencephalon volume) as a covariate: telencephalon effect, F 1,6 ¼ 0:16, p ¼ 0:71, caching specialization effect, F 2,16 ¼ 1:51, p ¼ 0:29). The power of this test was quite low ( f ¼ 0:8, a ¼ 0:05, n 0 ¼ 3, power ¼ 0:37). The dataset with this statistical model is insufficient to support either positive or negative conclusions about the relationship between hippocampal size and cache specialization.
If 'continent' is added to the model, both the continent effect and cache specialization effects are significantly correlated with HF volume (table 2) . Generally, HF volume is larger in Eurasia than in North America (table 3) . Also, birds with the strongest cache specialization have significantly larger HF volumes than those with intermediate or no caching behaviour (table 3) .
Our analyses of the full dataset for the Paridae generate similar conclusions. For this dataset, both the continent effect and the caching specialization effect are a significant contributor to variance in HF size (table 2; Figure 2a,b) . Eurasian HF volumes are significantly larger than North American volumes and birds with the strongest cache specialization have significantly larger HF volumes than those with intermediate (only using body mass as a covari- (c) Is the 'continent' effect caused by differences in time in captivity? Our results beg the question, exactly what is the 'continent' effect? We discuss two alternatives, true continent effects and laboratory effects in x 4. We consider a third alternative, that there is some bias in the data set related to time in captivitya factor that has been suggested to affect HF volume in previous studies (e.g. Smulders et al. 1995; Barnea & Nottebohm 1996; but see Cristol 1996; . We tested this with the B&L dataset, deriving estimates of time in captivity from the original papers. Adding captivity time to the model had no effect on our conclusions, and captivity time was not significant for any of the models (corvids with log(mass) covariate: F 1,6 ¼ 0:13, p ¼ 0:73, with log(telencephalon) covariate: F 1,6 ¼ 0:20, p ¼ 0:67; parids with log(mass) covariate: F 1,4 ¼ 0:32, p ¼ 0:60, with log(telencephalon) covariate: F 1,4 ¼ 0:42, p ¼ 0:55). In short, the amount of time the birds were held in captivity is not a contributor to the 'continent' effect.
DISCUSSION
Statistically, the answer to the question posed in our title is 'yes'. In both families, our analyses suggest that HF volume does indeed strongly correlate with the degree of caching specialization exhibited in a species, with one caveat. This trend holds whether we use species means or individual values, and it holds whether we treat body mass or telencephalon volume as a covariate against which to scale HF volume. The caveat is that both the corvids and parids in this sample from North America appear to differ from Eurasian birds of the same family. This trend is not the result of a systematic bias in time-in-captivity, a factor that may have some quantitative effect on HF volume (Smulders et al. 1995; Barnea & Nottebohm 1996) , although attempts to manipulate adult HF volume through experience in laboratory settings have been unsuccessful (Cristol 1996; .
Why then did we find a 'continent' effect? We offer three alternative hypotheses, although none seem to be particularly strongly supported given what we currently know about these two families. One is that there is variation between laboratories in how the brain samples were analysed or in how the brains were measured. With the exception of one study (Basil et al. 1996) , the techniques used in each of the laboratories are similar, in large part because many of the main contributors in this field have collaborated at some point. However, the samples vary in the number of laboratories contributing to the dataset. A single laboratory contributed virtually all of the corvid data from North America and another laboratory contributed virtually all the data from Eurasia. By contrast, the North American parid data come from a larger number of laboratories than any other sample. Yet all four datasets (two continents and two families) follow the predicted trends. Given this fact, it seems unlikely that the trends are derived from a systematic laboratory bias, but we cannot rule this out unequivocally. Another possibility is that there is truly some continentwide difference in the scaling of the brains of these birds. Two not mutually exclusive factors may contribute to this effect. The first factor is ecological. In these samples, the range of caching specialization is greater in Eurasia than it is in North America. No North American species fails to cache, whereas several Eurasian species in both the Corvidae and the Paridae have been deemed not to cache at all. Given that caching tendencies are related to both ecological and social factors (Ekman 1989) , differences in the range of caching intensities may indicate fundamental differences in ecological relationships between continents. Several ecological trends are consistent with this interpretation. For example, the North American avifauna is more diverse (Mönkkö nen 1994), has a lower percentage of migrating species (Newton 1995) , and has populations that are more strongly affected by habitat area (Bender et al. 1998) compared to the Eurasian avifauna. The implication of these results is that a longer history of anthropogenic disturbance in the Eastern Hemisphere has had an impact on the species found there; the implication for the results we report here is that there are indeed fundamental differences in ecological relationships between continents. Continent-wide differences in body mass of birds in our sample, at least in the corvids, underscores the possibility that these ecological differences could result in continentwide variation in caching.
Second, the current analysis fails to consider the phylogenetic relationships between the species. This factor is particularly problematic for the corvids, where phylogeny may explain the 'continent' effect observed in this analysis. The separation into American and Eurasian Corvidae in this study coincides closely with a phylogenetic distinction (Hope 1989) . The American species are all closely related to each other compared to the Eurasian species and vice versa. The only exception is the Clark's nutcracker, which is an American species but is more closely related to the Eurasian corvids, especially the Eurasian nutcracker. It is noteworthy that this is also the only American species that is similar in relative HF volume (using body mass as a covariate) to the Eurasian species. Basil et al. (1996) have already pointed out that the difference in relative HF volume between Clark's nutcrackers and the American jay species might be the result of phylogenetic factors. Unfortunately, the available information for the phylogenetic relationships among corvids still does not allow an analysis that controls for phylogeny. In addition, given that the American and Eurasian corvid species are two distinct groups, one would not necessarily expect them to scale similarly for HF volume in relation to body size. By contrast, there are no clear taxonomic groups associated with either continent for the parid species (Sheldon et al. 1992) . Some of the American chickadees are closely related to the Eurasian willow and marsh tit, and less so to the other Eurasian species.
A final consideration that may create considerable noise in the data concerns the sampling location of the specimens involved. Geographically separated populations of one species may differ in cache propensity and correspondingly in relative HF size. Classification of species into hoarding categories may fail to reflect individual hoarding categories. For instance, black-capped chickadees from Alaska have larger hippocampi than their counterparts from Colorado . Alaskan black-capped chickadees should probably be categorized as specialized hoarders, while birds from Colorado could be categorized as non-specialized hoarders. Correspondingly, Eurasian jays from Sweden have a larger HF relative to telencephalon than their counterparts from the UK.
The analyses we provide here are not meant to address a central point in the controversy related to the utility of the 'neuroecological approach' (Bolhuis & Macphail 2001 Dwyer & Clayton 2002; Hampton et al. 2002) whether function gives us any insight into neurological mechanisms. Nonetheless, B&L suggested that a lack of correlation might support the contention of Bolhuis & Macphail (2001) that 'natural variation in morphology cannot be used to understand the cognitive functioning of the brain'. This conclusion is premature. However, we clearly need better estimates of HF volume, with at least as many species as we report here, all processed in the same laboratory. This is the only means we know of that will address the simplest alternative hypothesis related to the basis of the 'continent' effect. Given the clear relevance of the relationship between HF volume and caching specialization, the effort needed to replicate these data seems warranted.
